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Abstract The ability to discriminate between sets that
differ in the number of elements can be useful in different
contexts and may have survival and fitness consequences.
As such, numerical/quantity discrimination has been
demonstrated in a diversity of animal species. In the lab-
oratory, this ability has been analyzed, for example, using
binary choice tests. Furthermore, when the different num-
ber of items first presented to the subjects are subsequently
obscured, i.e., are not visible at the moment of making a
choice, the task requires memory for the size of the sets. In
previous work, angelfish (Pterophyllum scalare) have been
found to be able to discriminate shoals differing in the
number of shoal members both in the small (less than 4)
and the large (4 or more) number range, and they were able
to perform well even when a short memory retention
interval (2–15 s) was imposed. In the current study, we
increased the retention interval to 30 s during which the
shoals to choose between were obscured, and investigated
whether angelfish could show preference for the larger
shoal they saw before this interval. Subjects were faced
with a discrimination between numerically small shoals
(B4 fish) and also between numerically large (C4 fish)
shoals of conspecifics. We found angelfish not to be able to
remember the location of larger versus smaller shoals in the
small number range, but to exhibit significant memory for
the larger shoal in the large number range as long as the
ratio between these shoals was at least 2:1. These results,
together with prior findings, suggest the existence of two
separate quantity estimation systems, the object file system
for small number of items that does not work with the
longer retention interval and the analogue magnitude sys-
tem for larger number of items that does.
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Introduction
A diversity of nonhuman animals, as well as humans,
possess nonverbal ability to discriminate between different
quantities of items (reviewed in Feigenson et al. 2004).
This ability has evolutionary advantages since it allows
individuals to distinguish places with more food (Lucon-
Xiccato et al. 2015), the size of the rival groups (Benson-
Amram et al. 2011), the number of mates (Lemaıˆtre et al.
2011), the number of shoaling members for protection
(Agrillo et al. 2007), the brood size for parental investment
(Forsaktar et al. 2016), the more vulnerable group of prey
for hunting (Panteleeva et al. 2013) or the larger social
group more ideal for protection in potentially dangerous
environments (Hager and Helfman 1991). Given such
advantages, it is not surprising that the ability to discrim-
inate between sets of items differing in number has been
found in a wide range of animal species (reviewed in
Reznikova and Ryabko 2011). According to some authors,
there are two distinct representational systems to account
for the discrimination of number/quantity: one system for
sets composed of small number of items (up to 3 or 4); and
another for large number of items (at least 4) (see
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Feigenson et al. 2004). For small number discrimination, a
system called the object file system (OFS) is believed to
act. This system appears to rely upon representation of
each item of the sets of items compared and allows the
discrimination of the sets based upon absolute numerical
difference (Feigenson et al. 2002a). When the two sets to
be compared have a larger number of items, the analogue
magnitude system (AMS) is thought to be used. This sys-
tem relies on ratio and not absolute numerical difference
between the compared sets. Thus, the AMS follows
Weber’s law: the larger the ratio of the larger set to the
smaller set (the larger the relative difference between the
compared sets), the more accurate and reliable discrimi-
nation becomes.
Most studies examining numerical abilities in nonhuman
animals have been carried out in the laboratory. Many
studies on nonhuman species exploit spontaneous choice
tasks, in which subjects freely choose between alternatives.
Often, the contrasted items are presented simultaneously
and are actually present, visible or detectable, at the
moment of choice, a method that has been successfully
employed with a large number of species including mam-
mals, birds and even amphibians (Hanus and Call 2007;
Krusche et al. 2010; Abramson et al. 2011; Baker et al.
2012; Garland et al. 2012; Bogale et al. 2014; Stancher
et al. 2015; Tornick et al. 2015; Ba´nszegi et al. 2016; Cox
and Montrose 2016; Kelly 2016).
However, recently, the question of storing and com-
paring the quantities mentally, i.e., the mental representa-
tion of quantities (memory), has also started to be
examined. In spontaneous choice tests, the items in the sets
may be hidden from view of the subjects after having being
presented in full view or after having being displayed one
by one sequentially. In these tasks, choice is tested while
the previously presented numerically different items are
not observable, i.e., numerical or quantity-related infor-
mation on the items is not available at the time of choice.
Therefore, appropriate response requires mental represen-
tation of the item sets discriminated (Hauser et al. 2000;
Feigenson et al. 2002a; Hanus and Call 2007; Hunt et al.
2008; Evans et al. 2009; Rugani et al. 2009; Uller and
Lewis 2009; Utrata et al. 2012; Barnard et al. 2013;
Mahamane et al. 2014; Ujfalussy et al. 2014). Tests in
which full presentation of the contrasted item sets is fol-
lowed by lack of visual access to these sets during the
moment of choice, have been successfully employed with
only a few fish species, namely redtail splitfin Xenotoca
eiseni (Stancher et al. 2013) and zebrafish Danio rerio
(Potrich et al. 2015), indicating that individuals of at least
these fish species were able to maintain representation of
the contrasted quantities in their working memory. In these
studies, two numerically different shoals of conspecifics
were presented at each end of an experimental tank.
Thereafter, shoals were occluded leaving visible an equal
number of conspecifics. After a delay of 5 or 30 s, exper-
imental fish were able to approach the location where the
larger shoal was previously seen, thus making their choice
on the basis of short-term memory.
We have been studying quantity estimation abilities of
angelfish (Pterophyllum scalare) and have utilized both the
direct spontaneous choice task and, more recently, the task
involving no visual access to the full shoals at the time of
choice. We have found juvenile angelfish to be able to
discriminate shoals comprising different numbers of con-
specifics both in the small and in the large number range in
a comparable manner when the stimulus shoals were in full
view during the choice (Go´mez-Laplaza and Gerlai
2011a, b) or when presentation of the stimulus shoals was
followed by obstructing the view of these shoals (Go´mez-
Laplaza and Gerlai 2015, 2016a, b). The latter consisted of
a modification from the method developed by Stancher
et al. (2013) and included presentation of a single stimulus
fish on each lateral side of the experimental aquarium at the
moment of choice (after an interval of stimulus occlusion
following full view of the shoals). Thus, test fish had to
choose while viewing only one individual of each stimulus
shoal. In our previous studies, we allowed a period of
stimulus occlusion (retention interval) to range from 2 to
15 s (Go´mez-Laplaza and Gerlai 2015, 2016a, b). We
found angelfish to be able to discriminate numerically
different shoals when the shoals were of small size (4 vs. 1,
3 vs. 1, 2 vs. 1, 3 vs. 2 and 4 vs. 2), but they failed in the
comparisons 4 versus 3, 5 versus 4 and 6 versus 4. Also,
angelfish when presented with numerically large shoals of
conspecifics preferred the larger of two shoals when the
shoals differed by a 2:1 or higher ratio, but not when the
shoals differed by a 3:2 or 4:3 ratio. Thus, according to
Weber’s law, as the ratio between the larger and the
smaller shoal approached one, the performance became
poorer. These results were comparable with those found in
angelfish when the contrasted shoals were in full view at
the time of choice. We concluded that angelfish were able
to use short-term memory in the discrimination, i.e., they
had mental representation of some features of the shoals,
including information on the size and location of the con-
trasted shoals.
Angelfish in the wild forms shoal of 15–20 individuals
outside of the breeding season, mainly as defense against
predators (Praetorius 1932). This freshwater, sexually
monomorphic, cichlid species lives in shallow, turbid waters
with dense vegetation, in areas subjected to flooding. The
complex nature of its environment may lead angelfish to
occasionally get separated from shoals, which may result in
increased vulnerability to predators (Praetorius 1932). Thus,
remembering the location and size of shoals may have
adaptive significance for angelfish (Ioannou et al. 2008). Our
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previous results, showing preference for larger shoals in
angelfish, also support this notion.
In a previous study, we also found that the precision of
discrimination slightly decreased as the retention interval
increased (Go´mez-Laplaza and Gerlai 2016b). However,
we do not yet know whether angelfish are capable of
maintaining information in their memory on shoal size and
location longer than 15 s. In the present study, we
increased the memory demand by doubling the required
retention interval during which angelfish had no visual
access to the contrasted shoals. That is, the test subjects had
to remember the size and location of previously shown
shoals for 30 s. We note that such a long retention interval
has not been previously imposed in angelfish and rarely in
any study dealing with numerical abilities in fish species.
The two exceptions are studies by Stancher et al. (2013)
conducted with redtail splitfin and by Potrich et al. (2015)
conducted with zebrafish. However, in these studies, unlike
in our current one, fish could see not one but an equal
number of multiple conspecifics during testing. Further-
more, in these prior studies, performance in the large
number range was not tested (Stancher et al. 2013) or only
a few contrasts were presented (Potrich et al. 2015). Using
this longer retention interval, we intend to examine the
potential memory limits of numerical representation and
quantity discrimination abilities of angelfish both when
small and large numbers of items (members in stimulus
shoals) are contrasted. Thus, our study may be able to
distinguish the use of object file or analogue magnitude
systems in angelfish. In Experiment 1, we explored whether
angelfish were able to distinguish between the location of a
previously presented shoal of conspecifics and an empty
tank. A positive result would indicate that the procedure is
appropriate for the analysis of working memory of location
of a shoal in angelfish, a minimum requirement for our
study. In Experiment 2, we explored whether angelfish
could remember where the numerically larger of the two
previously seen shoals was when the number of members
of each of these shoals was within the small number range.
Finally, in Experiment 3 we investigated whether angelfish
could discriminate the locations of previously seen shoals
when the number of the members of these shoals was in the
larger number range and explored whether the ability to
discriminate followed Weber’s law.
Materials and methods
Subjects
Angelfish used in the experiments were juveniles
(3.0–3.3 cm standard length) to avoid possible con-
founding effects arising from territoriality, courtship or
other forms of reproduction-related behaviors. Fish were
obtained from local commercial suppliers and housed in
the laboratory in glass-holding aquaria (60 9 30 9 40 cm
deep) in groups of 20–25 individuals. The aquaria were
filled with dechlorinated tap water, kept at 26 ± 1 C
using thermostat-controlled heaters. Each aquarium was
illuminated by a 15-W white fluorescent light tube placed
above the tank, and a 12:12 h light/dark cycle was
maintained with lights on at 08.30 h. External filters
continuously cleaned the aquaria, which had a 2-cm-deep
gravel substratum. The fish were fed twice daily (at 10.00
and at 18.00 h) on commercial fish food (JBL GALA, JBL
GmbH & Co. KG, Neuhofen, Germany). Test fish and
stimulus fish were randomly distributed between the
aquaria and housed separately with no visual communi-
cation being possible between fish across the separate
aquaria. A minimum of a 2-week acclimation period
under the above conditions was allowed prior to testing.
All fish were returned to the supplier at the end of the
study.
Apparatus
The experimental apparatus was identical to the one we
used in previous dichotomous shoal-choice studies with
angelfish (Go´mez-Laplaza and Gerlai 2016a, b). It con-
sisted of a test aquarium, with one stimulus aquarium
(30 9 30 9 40 cm deep) positioned at each end. The test
aquarium was identical in all respects to the holding
aquaria, and test, stimulus and holding aquaria were all
maintained under the same conditions. In the stimulus
aquaria, an opaque divider isolated a 10-cm compartment
where the stimulus shoals were placed. An additional
opaque divider separated the stimulus compartment into
two equal independent halves facing the test aquarium. In
one half, a stimulus angelfish was placed, and in the other
the rest of the members of the stimulus shoals (Fig. 1). To
prevent the fish from being disturbed by external visual
stimuli, all exterior walls of the aquaria that were not
adjacent to other aquaria were lined with white cardboard,
except for the front.
Five vertical lines drawn on the front and back walls of
the test aquarium, 10 cm from each other, delimited six
equal zones. They allowed measurements of the test fish’s
movements and position. The two 10-cm zones closest to
the stimulus aquaria were considered to be the preference
zones. At least three-quarters of the body length of the fish
had to be within the boundary for the fish to be considered
being inside such zones. Swimming activity of test fish was
measured as the frequency (number of times) the fish
crossed the lines.
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Procedure
The procedure employed was similar to the one already
utilized and described in detail elsewhere (Go´mez-Laplaza
and Gerlai 2016a, b). Briefly, juvenile angelfish were
individually tested in a choice between two numerically
different shoals of conspecifics presented simultaneously
and positioned in the stimulus aquaria on opposite sides of
the test aquarium. One fish of each of the stimulus shoals
was individually placed into the rear part of each of the
corresponding stimulus compartments, whereas the rest of
the members of each of the stimulus shoals were placed
into the front part of the stimulus compartments from the
observer’s point of view (Fig. 1). Fish in the stimulus
shoals were allowed a 10-min period to habituate to the
stimulus aquaria. The positioning of the larger versus
smaller shoal was initially randomized for each test fish
and subsequently counterbalanced across trials. Trials took
place 15–30 min after feeding in the morning.
Test fish, randomly chosen, were introduced singly to the
center of the test aquarium via a transparent, open-ended,
plastic cylinder (7 cm diameter), in which they were kept for
3 min. During this acclimation period of time, test fish could
see the full stimulus shoals presented in the stimulus com-
partments at both sides of the experimental aquarium from an
equal distance. When in the cylinder, all test fish oriented
toward both shoals. At the end of this period, opaque white
barriers were placed outside the two end sides of the test
aquarium to visually isolate test fish from all stimulus fish.
After a 30-s period of time with no stimulus fish in view
(retention interval), the opaquebarriersweremovedbackward
leaving just one stimulus fish of each shoal (the one placed in
the rear compartment from the observer’s point of view) vis-
ible for the test fish, to trigger shoaling response (and, thus, a
choice) from the experimental angelfish. The transparent
cylinder was gently removed, and the test fish thus released
and allowed to swim freely. Shoaling preferencewas recorded
over a 15-min period and was defined as the time spent by the
test fish in the 10-cm preference zones, that is, within 10 cm
from the wall adjacent to the stimulus shoal aquaria on either
side. Behavioral responses of the test fishwere recordedwith a
video camera (Sony video Hi8, model CCD-TR750E) posi-
tioned 180 cm away in front of the tank concealed behind a
blind. The recordings were later replayed for analysis.
Fig. 1 Front (upper) and top (lower) views of the experimental
apparatus showing the central test tank and the two stimulus tanks at
each end of the test tank. In the stimulus tanks, opaque white dividers
were used to delimit a 10-cm compartment close to the test tank,
where the stimulus shoals were presented to the test fish. An
additional opaque white panel divided this compartment in half: in
one half, a single stimulus angelfish was placed, and in the other half
the rest of the members of the stimulus shoals. Opaque white barriers
were used to visually isolate the two stimulus tanks (with the stimulus
shoals) from the test tank during the retention interval (30 s). These
barriers were moved backward so as to present a single stimulus fish
on both sides when preference tests commenced, while the rest of the
members of the shoal were kept hidden. The time the test fish spent
within 10 cm of the stimulus shoals (dashed lines: preference zones)
was recorded
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Approaching and staying in the zone close to the previously
visible larger shoal would be expected if test fish remembered
the location of the larger versus smaller shoal.
Experiment 1 was conducted similarly, but here the
choice offered was between four similarly sized con-
specifics on one side versus no fish on the other side.
Accordingly, in Experiment 1, after the 30-s retention
interval with no fish in view, the opaque barriers were not
moved, and no stimulus fish was presented at either side of
the tank during behavioral recording session.
After each trial, the experimental aquaria were cleaned
to eliminate potential odor cues before being replenished
with dechlorinated tap water for the next behavioral
recording session. Individual fish were tested only once,
and none of the fish in the stimulus shoals were used as test
fish and vice versa. Within each experiment, the order of
testing was randomized according to different treatment
(numerical ratio) conditions. Stimulus shoals were rear-
ranged after each trial, so that each test fish was exposed to
stimulus shoals with different individual members in them.
Statistical analysis
We recorded the time spent in each preference zone, the
first preference zone selected (first choice), the frequency
of entries to the preference zones, the latency to enter the
preference zones and swimming activity.
In each experiment, the data were tested for normality
(using the Kolmogorov–Smirnov one-sample test) and
equality of variance (using Levene’s test) before analysis.
Most data conformed to assumptions, and those that did not
(e.g., latency data) were log-transformed to meet assump-
tions of normality and homogeneity of variance. The time
spent in the preference zones (sec) was considered as a
measure of each test fish’s preference for a particular
stimulus shoal. A preference index was calculated for each
test fish as the proportion of time test fish spent close to the
larger stimulus shoal relative to the total time spent in both
preference zones. Before statistical analysis, a criterion of
exclusion was applied as follows: During the binary choice,
test subjects had to enter both preference zones at least
once; otherwise, they were excluded from the experiments
and replaced by another fish. In Experiment 2, five subjects
(*7%) were excluded and replaced, whereas in Experi-
ment 3, two subjects (*2%) did not meet the criterion.
A one-sample one-tailed t test was employed to investigate
whether the observed preference index was significantly
(p B 0.05) higher than chance (50%). The Holm–Bonferroni
sequential correction methodwas employed tominimize type
I error (Holm 1979). A one-way ANOVA for independent
samples was used to analyze the effect of the treatments on
preference, and in case of a significant effect, Tukey’s hon-
estly significant difference (HSD) post hoc multiple
comparison tests were performed to determine significant
differences among treatment groups. A binomial test was
performed to determine whether the first choice made by test
fish was above-chance level, and latency data were analyzed
using a paired t test. In Experiment 2, the criterion of variance
homogeneity was not met for swimming activity (Levene’s
test: p = 0.004), and data were log-transformed before per-
forming ANOVA and Tukey’s HSD post hoc tests.
Experiment 1
Shoal discrimination after 30-s retention interval
(control: 4 vs. 0 fish)
The aim of this experiment was to determine whether
angelfish, under the present conditions of memory load,
were able to remember the location of the group of four fish
without seeing any stimulus fish to trigger the response.
The side of the stimulus shoal was chosen randomly for the
first experimental subject, after which the location of the
stimulus shoal versus the empty stimulus tank was sys-
tematically alternated across the test fish to avoid potential
side preferences. A total 12 experimental fish were tested.
Results
In this control treatment, test fish spent significantly more
time in the preference zone near the compartment previ-
ously containing a shoal of four conspecifics than near the
compartment previously containing no fish (mean propor-
tion of time (preference index) ± SEM: 0.8109 ± 0.0622;
t11 = 5.00, p\ 0.001). This result indicated that the task
was appropriate for angelfish. The results for the other
behavioral parameters measured are shown in Table 1.
Experiment 2
Discrimination of small quantities (£4) after a 30-s
retention interval
In this experiment, we investigated whether angelfish could
exhibit a preference toward the location at which they
previously saw the larger of two small shoals. The two
stimulus shoals had a number of members within the small
number range (B4 fish). The involvement of memory was
necessary for a successful discrimination of the spatial
location of the numerically larger shoal, because at the time
of choice, only one fish of each of the contrasted shoals was
visible to the subjects and the two shoals had been hidden
from view for 30 s.
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Methods
Test fish matched for standard length (±0.20 cm) with the
stimulus fish were presented with six different binary choi-
ces. The stimuli presented consisted of the following
numerical comparisons: 4 fish versus 1 fish, 4 fish versus 2
fish, 4 fish versus 3 fish, 3 fish versus 1 fish, 3 fish versus 2 fish
and 2 fish versus 1 fish. Thus, the range of the numerical
ratios (large shoal/small shoal) varied from 4:1 to 1.33:1,
whereas the absolute numerical difference between the
stimulus shoals size varied between 1 and 3 fish. Sample
sizes were 12 experimental fish for each of the six sets of
choices (i.e., a total of 72 experimental fish were tested).
Results
After a 30-s retention interval, angelfish fish failed to dis-
tinguish between small shoals of conspecifics whose
numerical size was in the small number range. No signif-
icant preference could be detected for the larger of the two
shoals in any of the six contrasts tested (t tests with Holm–
Bonferroni correction: 4 vs. 1, t11 = 2.682, p = 0.064; 3
vs. 1, t11 = 0.811, p = 0.652; 2 vs. 1, t11 = 0.069,
p = 0.473; 4 vs. 2, t11 = 0.365, p = 0.722; 3 vs. 2,
t11 = 1.902, p = 0.209 and 4 vs. 3, t11 = 1.132,
p = 0.564; Fig. 2). Likewise, fish did not show a signifi-
cant preference for first entering the preference zone close
to the larger stimulus shoal in any of the contrasts (bino-
mial test ps[ 0.05) (see also Table 1).
One-way ANOVA confirmed the above findings and
showed no significant difference among the performance of
experimental fish obtained for the six different contrasts
(F5,66 = 0.925, p = 0.471). However, significant differ-
ences in locomotor activity were detected among fish
exposed to the six different contrasts (F5,66 = 6.082,
p\ 0.001). Fish in contrast 4 versus 1 swam significantly
less compared to fish exposed to all other contrasts
(Tukey’s HSD test: ps B 0.023), with the exception of the
contrasts 2 versus 1, where only a marginal nonsignificant
difference was found (p = 0.058). Furthermore, and sup-
Table 1 Performance of angelfish (N = 12) when faced with the different contrasts














4 versus 0 4 8 [0.05 455.92 ± 129.39 94.83 ± 49.72 2.404 0.035 58.50 ± 28.32
Experiment 2
4 versus 1 4 8 [0.05 204.33 ± 68.61 122.75 ± 43.23 0.953 [0.05 25.33 ± 4.17
3 versus 1 4 8 [0.05 190.25 ± 54.99 111.33 ± 51.08 0.974 [0.05 53.42 ± 6.92
2 versus 1 8 4 [0.05 132.25 ± 56.49 276.50 ± 77.02 1.277 [0.05 54.33 ± 10.06
4 versus 2 5 7 [0.05 143.67 ± 53.20 54.58 ± 20.26 1.342 [0.05 86.25 ± 9.97
3 versus 2 4 8 [0.05 160.42 ± 50.73 166.75 ± 63.22 0.062 [0.05 91.67 ± 19.65
4 versus 3 8 4 [0.05 38.00 ± 17.53 113.75 ± 42.87 1.474 [0.05 63.00 ± 8.92
Experiment 3
12 versus 4 2 10 0.039 140.17 ± 37.54 30.08 ± 13.77 2.440 0.033 51.00 ± 6.27
10 versus 4 2 10 0.039 196.50 ± 47.19 27.17 ± 18.57 2.985 0.012 68.92 ± 8.94
10 versus 5 3 9 [0.05 159.17 ± 42.69 111.17 ± 56.45 0.542 [0.05 55.58 ± 9.86
8 versus 4 3 9 [0.05 328.08 ± 71.62 72.67 ± 27.42 2.818 0.017 40.17 ± 7.97
9 versus 5 2 10 0.039 135.25 ± 33.88 46.08 ± 30.56 1.645 [0.05 62.17 ± 9.40
8 versus 5 3 9 [0.05 226.08 ± 62.53 85.75 ± 42.26 1.524 [0.05 73.83 ± 10.18
6 versus 4 5 7 [0.05 85.67 ± 24.18 121.83 ± 46.91 0.571 [0.05 61.75 ± 9.12
In each contrast, only one stimulus fish of each shoal was visible for the experimental fish during the test
a Number of experimental fish whose first choice was one or the other stimulus shoal
b Latency to enter the preference zone near one or the other stimulus shoal. The results for frequency of entries to the preference zones are not
presented since differences were not significant in any contrasts (but see results section for Experiment 2). Descriptive statistics include
mean ± SEM. The tests used to compare the scores are also included
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porting these results, the frequency of entries to the pref-
erence zone close to the larger shoal was also found to be
significantly different among fish exposed to the different
contrasts (F5,66 = 6.696, p\ 0.001). The frequency was
significantly lower in experimental angelfish exposed to
contrast 4 versus 1 relative to angelfish exposed to all other
contrasts (ps B 0.042), except the 2 versus 1 (p = 0.831).
These results reflect the greater tendency of experimental
angelfish in the contrast 4 versus 1 to stay close to the
larger shoal for longer time, instead of moving from one
stimulus shoal to the other, a conclusion also supported by
the apparent trend seen in Fig. 2.
Experiment 3
Discrimination of large quantities (‡4) after a 30-s
retention interval
The results of Experiment 2 showed that angelfish, with a
30-s retention interval imposed, were not able to reliably
discriminate between numerically small shoals. In Experi-
ment 3, we investigated whether angelfish could discrimi-
nate shoals in the large number range expected to engage the
analogue magnitude system, also employing the 30-s-long
retention interval. The binary shoal-choice test consisted of
the following contrasts: 6 fish versus 4 fish, 8 fish versus 5
fish, 8 fish versus 4 fish, 9 fish versus 5 fish, 10 fish versus 5
fish, 10 fish versus 4 fish and 12 fish versus 4 fish. These
contrasts correspond to ratios ranging from 1.5:1 to 3:1,
while the numerical differences between stimulus shoals
ranged from 2 to 8 fish. Twelve experimental fishwere tested
in each of these seven contrast conditions, a total of 84
experimental fish. The experimental protocol and dependent
variables were as described in Experiment 2.
Results
When the ratio between the contrasted shoals (larger shoal/
smaller shoal) was 2:1, we found angelfish to significantly
prefer the larger shoal. When the ratio was lower, however,
the preference index was found indistinguishable from
chance (Fig. 3). Thus, in the contrasts 6 versus 4
(t11 = 0.735, p = 0.239), 8 versus 5 (t11 = 2.173,
p = 0.079) and 9 versus 5 (t11 = 1.336, p = 0.209), no
significant preference was detected (Holm–Bonferroni
corrected t tests). Whereas for contrasts whose ratios were
between 2:1 and 3:1; i.e., from 8 versus 4 to 12 versus 4,
the preference index was found to be significantly above
chance (t tests with Holm–Bonferroni correction:
t11 = 4.193–3.239, ps = 0.005–0.019; Fig. 3), demon-
strating that experimental fish spent significantly more time
in the preference zone close to the larger shoal.
Using the binomial test, we also analyzed the first choice
made by the experimental fish after having been released
from the transparent cylinder (Table 1). A preference for
the larger shoal was shown by 10 out of the 12 fish in the
contrasts 12 versus 4, 10 versus 4 and 9 versus 5 (a sig-
nificant preference, p = 0.039), whereas 9 out of 12 fish
initially chose the larger shoal in the rest of the contrasts
(ps[ 0.05), and in 6 versus 4, only 7 out of 12 fish first

















4 vs 1 3 vs 1 2 vs 1 4 vs 2 3 vs 2 4 vs 3
(4:1) (3:1) (2:1) (2:1) (1.5:1) (1.33:1)
NUMERICAL COMPARISONS
Fig. 2 Mean ± SEM
proportion of time (preference
index) spent by test fish in the
10-cm preference zone near the
larger stimulus shoal after a
retention interval of 30 s when
shoals with a small number of
members were presented in
dichotomous choice test. Values
above 0.5 indicate a preference
for the numerically larger shoal.
No significant departure from
the null hypothesis of no
preference was found in any of
the comparisons
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groups of fish exposed to the different contrasts was
revealed in the magnitude of the preferences (one-way
ANOVA: F6,77 = 1.504, p = 0.188). But groups of fish
(pooled) exposed to contrasts with a ratio lower than 2:1
versus those equaling or exceeding this ratio did differ
from each other significantly (F1,82 = 7.576, p = 0.007).
Results also indicated that fish exhibited a significantly
shorter latency to enter the preference zone close to the
larger shoal relative to the smaller shoal (t83 = 3.961,
p\ 0.001). Differences in performance cannot be attrib-
uted to different levels of locomotor activity, since no
significant differences were exhibited in swimming activity
among fish exposed to the different contras (F6,77 = 1.611,
p = 0.156).
When comparing the results of Experiment 2 (contrasts
in small number range) and Experiment 3 (contrasts in
large number range), a significant difference was found in
the magnitude of the preference for the larger shoal. Fish in
Experiment 3 showed a significantly higher preference for
the larger shoal than fish in Experiment 2 (F1,154 = 4.916,
p = 0.028). A significant difference was also found when
we pooled groups exposed to contrasts equaling or
exceeding a ratio of 2:1 in Experiment 2 (four groups) with
those exposed to the same ratios in Experiment 3 (four
groups). In Experiment 3, fish exposed to shoals with ratios
C2:1, spent significantly more time close to the larger
shoals than did fish in Experiment 2 (F1,94 = 4.601,
p = 0.035). However, no significant difference existed in
the locomotor activity of fish in Experiment 2 and Exper-
iment 3 (F1,154 = 0.298, p = 0.586). Furthermore, a sig-
nificantly shorter latency to approach the preference zone
close to the larger stimulus shoals was shown by fish of
Experiment 3 relative to those of Experiment 2
(F1,154 = 10.531, p = 0.001).
Discussion
In this study, angelfish were required to remember previ-
ously seen shoals differing in the number of shoal mem-
bers, a quantity discrimination task. The retention interval
during which the experimental fish could not observe the
contrasted shoals was doubled compared to the longest
interval imposed before (Go´mez-Laplaza and Gerlai
2016a, b), i.e., it was increased from 15 to 30 s. While this
increase may not seem substantial, it led to an interesting
dissociation between how angelfish discriminated shoals
differing in number within the small number range and
within the large number range.
We found that with a retention interval of 30 s, angelfish
failed to discriminate in the comparisons involving shoals
whose numerical size was in the small number range
(maximum 4), but not when the two contrasted shoals had
at least 4 members each and the ratio of these shoals was at
least 2:1. The failure to distinguish shoals of different
numerical size in the small number range contrasts with
results previously obtained with angelfish (Go´mez-Laplaza
and Gerlai 2011b, 2015). Notably, in these latter studies,
either no memory demand was placed on performance
(Go´mez-Laplaza and Gerlai 2011b) or the retention inter-
val was not longer than 2 s (Go´mez-Laplaza and Gerlai
2015). Importantly, imposition of the 30-s retention inter-
val did not alter the performance of angelfish when the
experimental subject was exposed to contrasts in the large
(at least 4 items) number range. That is, irrespective of the
length of retention interval (from 0 to 30 s), angelfish were
able to discriminate the larger shoals in the large number
range as long as the ratio of the contrasted shoals was at
least 2:1. This is notable for two reasons. First, it shows
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Fig. 3 Mean ± SEM
proportion of time (preference
index) spent by test fish in the
10-cm preference zone near the
larger stimulus shoal after a
retention interval of 30 s when
shoals with a large number of
members were presented in
dichotomous choice test. Values
above 0.5 indicate a preference
for the numerically larger shoal.
Significant departure from the
null hypothesis of no preference
is indicated by asterisks:
***P = 0.005, **P\ 0.01,
*P\ 0.05
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items (shoal members) under different conditions. Second,
and most importantly, it also implies that the mechanisms
underlying quantity estimation in the small versus the large
number ranges may be distinct. Whether this distinctive-
ness concerns attentional, stimulus processing, cognitive or
memory-related mechanisms is not known at this point.
In the past, some studies showed distinct abilities in
comparing items in the small versus large number ranges in
a variety of vertebrate species (see Feigenson et al. 2004;
Uller 2008) including fish (Agrillo et al. 2008, 2012) and
also angelfish (Go´mez-Laplaza and Gerlai 2011b). The
argument made in these studies has been that two distinct
stimulus processing/cognitive mechanisms may exist: the
object file system (OFS) for small numbers and the ana-
logue magnitude system (AMS) for large number. OFS is
associated with being able to follow individual items and is
sensitive to absolute differences between the contrasted
sets (but only up to and including 3 or, in some species, 4
items). AMS is employed for distinguishing large quanti-
ties (at least 4 items) frequently on the basis of non-nu-
merical features that correlate with number, and
performance using this system is affected by the ratio, and
not the absolute numerical difference, between the con-
trasted quantities (see Feigenson et al. 2004). Nevertheless,
other studies have presented results that could be explained
by the use of a single system, the AMS, and argued against
the existence of two distinct systems (e.g., Cantlon and
Brannon 2006). Findings of our current study now go
against this latter argument, as they suggest the existence
of two separate discrimination systems, one that is sensitive
to the longer (30-s-long) retention interval (the OFS) and
another that is not (AMS).
Although not frequently tested, memory use in dis-
crimination between sets differing in number of items has
been reported in some animal species. For example, Beran
and Beran (2004) reported that chimpanzees were suc-
cessful in discriminating the larger set of bananas
sequentially presented in two opaque containers over a
20-min presentation period. Since chimpanzees never saw
more than one banana at a time, and they were never able
to see the complete sets, results indicated long-term
memory for quantity discrimination. The results obtained
by Beran and Beran (2004) with chimpanzees suggested, in
contrast to ours, similar performance in the small and large
number range. Food-storing birds have also been found to
possess remarkable numerical competence and memory for
locations where more food items were hidden. A memory
demand of up to 60 s was imposed in studies with North
Island robins (Petroica longipes) which successfully
retrieved the location of larger food quantities after this
retention interval, even when food items were hidden from
view in 2–4 different sites (Armstrong et al. 2012). Also,
New Zealand robins (Petroica australis) were successful in
the large number range, choosing the larger quantity of
food items sequentially presented and concealed from view
(Hunt et al. 2008). Thus, the ability to discriminate
between quantities even after a period of time of not seeing
the actual items may be an adaptive response to ecological
challenges faced by food-storing or scatter-hoarding birds.
Nevertheless, different species facing idiosyncratic eco-
logical challenges may not have evolved the same memory
capabilities for quantity and/or spatial information. We
have not tested retention intervals longer than 30 s in
angelfish; therefore, we do not yet know the upper retention
interval limit in this species. Similarly, we do not know
whether memory performance is dependent upon behav-
ioral context. For example, since angelfish have numerous
predators in the wild (Praetorius 1932), it is likely that
joining the larger shoal is adaptive, and thus, the ability to
discriminate shoals based upon quantity or number has
evolved. Furthermore, it is also plausible that only shoals in
the large number range may provide appropriate protection
against predators, and thus, an angelfish temporarily sep-
arated from such shoals will need to remember where the
better (larger) shoal may be found. On the contrary, it may
not be as important which shoal has more members when
the number of members in the shoal is in the small number
range. Thus, the importance of making the correct choice
may be reduced and angelfish may not need a precise
memory of shoals when these are small and differ only in a
few members (e.g., Landeau and Terborgh 1986). We must
note that lack of preference exhibited in particular contrasts
does not necessarily mean inability to distinguish these
contrasts. For example, we found angelfish not to show a
significant preference for the larger of the two shoals in the
4 versus 1 contrast. It is possible that more sensitive (e.g.,
multiple-trial-bases training) tests would have found the
apparent preference for the 4-member shoal significant. We
also note that the 4 versus 1 contrast may be a special
condition. It has resulted in conflicting findings in studies
conducted with diverse animal species. Feigenson et al.
(2002a) found human infants not to be able to discriminate
4 versus 1 items, and Hauser et al. (2000) found a similar
result with rhesus monkeys. On the other hand, Cordes and
Brannon (2009a) found the opposite, as in their study,
human infants were able to discriminate the contrast 4
versus 1, and Cantlon and Brannon (2007) showed the
same with rhesus monkeys. Unlike in our current study,
successful discrimination of the 4 versus 1 contrast has also
been found in different fish species (e.g., Stancher et al.
2013), including angelfish (Go´mez-Laplaza and Gerlai
2011b). One possible explanation for these conflicting
results may lie in the fact that the number 4 is at the
boundary between the analogue magnitude and object file
mechanisms. Thus, depending on specific experimental
conditions (and perhaps species), it may fall on one or the
Anim Cogn (2017) 20:829–840 837
123
other side of the boundary. These are speculative argu-
ments whose validity will have to be ascertained by
examining predation risk experimentally.
Different performance for small and large numbers has
been previously reported in a study with adult guppies
(Agrillo et al. 2014). In that study, however, after a training
period, guppies were tested with moving and static items
and were able to discriminate moving items only in the
small number range, whereas they were unsuccessful when
tested with large numbers despite ratios being identical. On
the contrary, in the current study a failure in the discrim-
ination was obtained when small numbers were presented,
whereas angelfish were successful with large numbers.
Different procedures (training, i.e., multiple exposures to
the test condition versus spontaneous discrimination, i.e., a
single exposure to the test), type of stimuli (geometric
figures vs. living conspecifics), fish species and other
methodological details may account for the different
results. Nevertheless, importantly, both the results of the
Agrillo et al. (2014) study and those of our current study
imply the existence of the two separate systems (OFS and
AMS) underlying discrimination for small and large
numbers.
We note, however, a complexity in our current results.
The performance of angelfish exposed to the large number
range contrasts did not strictly follow Weber’s law. The
preference index, i.e., the magnitude of preference for the
numerically larger shoal, was not proportional to the ratio
between the number of stimulus fish in contrasted shoals.
For example, while the preference index was significantly
above chance among fish of groups exposed to contrasts 12
versus 4, 10 versus 4, 10 versus 5, the performance in these
groups was statistically indistinguishable, and not even a
hint of correlation between the size of the performance
index and the contrasted shoal number ratios was apparent
(see Fig. 3). This lack of correlation in the large number
range is in contradiction with our findings in previous
studies in which we tested performance of angelfish under
similar conditions with similar procedures and with a much
shorter memory demand (2 s) (Go´mez-Laplaza and Gerlai
2016a). Therefore, we speculate that the short-term mem-
ory encoded by angelfish includes information on where
the shoals are and which shoal contains larger number of
fish, but not necessarily on the actual relative difference
between the contrasted shoals. That is, as long as the ratio
is at least 2:1, angelfish will remember and respond to the
numerically larger shoal similarly.
Last, we consider a potential confounding variable.
During the tests, we allowed the experimental fish to view
a single stimulus fish on each side. This method was pre-
viously employed to ‘‘entice’’ the test subjects to approach
and stay in proximity of the stimulus zone. The argument
was that because both of the contrasted sides had a single
stimulus fish, the setup was symmetrical, and the only
source of potential side bias for the experimental fish
should have been their memory of the previously viewed
numerically different stimulus shoals. Nevertheless, one
may argue that the single stimulus fish that remained vis-
ible during test may have behaved differently depending on
whether they were on the side of the larger versus the
smaller shoal. Although we cannot completely exclude this
possibility, we argue that this explanation is unlikely for
three reasons. First, the small space in which the single
stimulus fish was confined did not allow this fish to exhibit
a varied behavioral repertoire. Second, the stimulus fish
were randomly assigned, and thus, individual differences
among them could not have introduced a tendency in our
data. Third, there is no known behavioral response of these
stimulus fish that has been shown to be dependent upon
how many other stimulus fish were in the other sealed part
of the compartment during the stimulus fish exposure
period.
Although our results demonstrated that angelfish can
remember where the larger versus the smaller shoal was
located in their environment, at least in the larger number
range, what features of the different shoals the experi-
mental subjects learned and remembered are not yet
known. Furthermore, we note that our results do not dis-
tinguish numerical estimation from quantity discrimina-
tion. Non-numerical, continuous variables that covary with
shoal size, such as swimming activity, shoal density, inter-
fish distance and cumulative surface area, have all been
shown to influence the discrimination of quantities in
angelfish, suggesting that the discrimination of numerically
distinct shoals may be dependent on quantitatively varying
aspects of these shoals (Go´mez-Laplaza and Gerlai
2012, 2013a, b). In other species too, non-numerical cues
have been reported to influence quantity discrimination
(Agrillo et al. 2010; Cordes and Brannon 2009b; Feigenson
et al. 2002b; Frommen et al. 2009). Therefore, the memory
for the location of larger and smaller shoals, demonstrated
in our current study, does not prove, although still could be
the result of, mental representation of numerical attributes
of the shoals. Recently, Gebuis et al. (2016) have proposed
that because numerical and non-numerical features of the
stimuli are inextricably linked in most contexts and
because of the difficulties of extracting numerosity inde-
pendently of non-numerical visual cues, a more compre-
hensive explanation, a sensory-integration system for
multiple features or pieces of information (density, surface,
diameter, etc.) may need to be assumed. Gebuis et al.
(2016) argued that such a feature integration system may
better account for the often conflicting results found in the
literature. Furthermore, the manner in which specific fea-
tures that covary with item number influence quantity
discrimination may be highly context dependent, and how
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these features may be used in combination may be best
described using a differential weighing system. That is,
each feature may have a weight and depending on the size
of this weight may play a greater or smaller role in quantity
discrimination performance under certain behavioral con-
texts or in response to specific experimental procedures.
In summary, our results demonstrate that angelfish can
learn and remember the location of larger versus smaller
shoals in their environment. This memory was successfully
acquired by angelfish for shoal sizes in the larger number
range, i.e., for shoals that had 4 or more individual mem-
bers and also differed by twofold in terms of the number of
fish in them. A similar memory for numerically smaller
shoals could not be found in the current study. These
findings, together with prior results, lend support for the
existence of two distinct quantity discrimination systems:
the object file system for small number of items and the
analogue magnitude system for large number of items.
Although we do not know what features of the shoals
angelfish actually learned and remembered, and we also do
not know why Weber’s law did not strictly apply for the
memory-dependent discrimination of angelfish in the large
number range, these results open exciting new avenues of
research into what this simple teleost, the angelfish, learns
about numerically distinct quantities and how it remembers
the learned information.
Funding This research was supported by grant PSI2013-40768-P
from the Ministerio de Economı´a y Competitividad (Spain) to LMG-
L and an NSERC (Canada) Discovery grant to RG.
Compliance with ethical standards
Conflict of interest The authors declare that they have no conflict of
interest.
Ethics approval The experiments described here comply with the
current law of the country (Spain) in which they were performed, and
were approved by the Committee on the Ethics of Animal Experi-
ments of the University of Oviedo (permit number: 13-INV-2010).
References
Abramson JZ, Herna´ndez-Lloreda V, Call J, Colmenares F (2011)
Relative quantity judgments in South American sea lions (Otaria
flavescens). Anim Cognit 14:695–706
Agrillo C, Dadda M, Bisazza A (2007) Quantity discrimination in
female mosquitofish. Anim Cognit 10:63–70
Agrillo C, Dadda M, Serena G, Bisazza A (2008) Do fish count?
spontaneous discrimination of quantity in female mosquitofish.
Anim Cognit 11:495–503
Agrillo C, Piffer L, Bisazza A (2010) Large number discrimination by
mosquitofish. PLoS ONE 5:e15232. doi:10.1371/journal.pone.
0015232
Agrillo C, Piffer L, Bisazza A, Butterworth B (2012) Evidence for
two numerical systems that are similar in humans and guppies.
PLoS ONE 7:e31923. doi:10.1371/journal.pone.0031923
Agrillo C, Miletto Petrazzini ME, Bisazza A (2014) Numerical acuity
of fish is improved in the presence of moving targets, but only in
the subitizing range. Anim Cognit 17:307–316
Armstrong N, Garland A, Burns KC (2012) Memory for multiple
cache locations and prey quantities in a food-hoarding songbird.
Front Psychol 3:584. doi:10.3389/fpsyg.2012.00584
Baker JM, Morath J, Rodzon KS, Jordan KE (2012) A shared system
of representation governing quantity discrimination in canids.
Front Psychol 3:387. doi:10.3389/fpsyg.2012.00387
Ba´nszegi O, Urrutia A, Szenczi P, Hudson R (2016) More or less:
spontaneous quantity discrimination in the domestic cat. Anim
Cognit 19:879–888
Barnard AM, Hughes KD, Gerhardt RR, JrL DiVincenti, Bovee JM,
Cantlon JF (2013) Inherently analog quantity representations in
olive baboons (Papio anubis). Front Psychol 4:253. doi:10.3389/
fpsyg.2013.00253
Benson-Amram S, Heinen VK, Dryer SL, Holekamp KE (2011)
Numerical assessment and individual call discrimination by wild
spotted hyaenas, Crocuta crocuta. Anim Behav 82:743–752
Beran MJ, Beran MM (2004) Chimpanzees remember the results of
one-by-one addition of food items to sets over extended time
periods. Psychol Sci 15:94–99
Bogale BA, Aoyama M, Sugita S (2014) Spontaneous discrimination
of food quantities in the jungle crow, Corvus macrorhynchos.
Anim Behav 94:73–78
Cantlon JF, Brannon EM (2006) Shared system for ordering small and
large numbers in monkeys and humans. Psychol Sci 17:401–406
Cantlon JF, Brannon EM (2007) Basic math in monkeys and college
students. PLoS Biol 5:2912–2919
Cordes S, Brannon EM (2009a) Crossing the divide: infants
discriminate small from large numerosities. Dev Psychol
45:1583–1594
Cordes S, Brannon EM (2009b) The relative salience of discrete and
continuous quantity in young infants. Dev Sci 12:453–463
Cox L, Montrose VT (2016) Quantity discrimination in domestic rats,
Rattus norvegicus. Animals 6:46. doi:10.3390/ani6080046
Evans TA, Beran MJ, Harris EH, Rice DF (2009) Quantity judgments
of sequentially presented food items by capuchin monkeys
(Cebus apella). Anim Cognit 12:97–105
Feigenson L, Carey S, Hauser MD (2002a) The representations
underlying infants’ choice of more: object files versus analog
magnitudes. Psychol Sci 13:150–156
Feigenson L, Carey S, Spelke ES (2002b) Infants’ discrimination of
number vs. continuous extent. Cognit Psychol 44:33–66
Feigenson L, Dehaene S, Spelke ES (2004) Core systems of number.
Trends Cognit Sci 8:307–314
Forsaktar MN, Nematollahi MA, Bisazza A (2016) Quantity
discrimination in parental fish: female convict cichlid discrim-
inate fry shoals of different sizes. Anim Cognit 19:959–964
Frommen JG, Hiermes M, Bakker TCM (2009) Disentangling the
effects of group size and density on shoaling decisions of three-
spined sticklebacks (Gasterosteus aculeatus). Behav Ecol Socio-
biol 63:1141–1148
Garland A, Low J, Burns KC (2012) Large quantity discrimination by
North Island robins (Petroica longipes). Anim Cognit
15:1129–1140
Gebuis T, Cohen Kadosh R, Gevers W (2016) Sensory-integration
system rather than approximate number system underlies
numerosity processing: a critical review. Acta Psychol
171:17–35
Go´mez-Laplaza LM, Gerlai R (2011a) Can angelfish (Pterophyllum
scalare) count? Discrimination between different shoal sizes
follows Weber’s law. Anim Cognit 14:1–9
Go´mez-Laplaza LM, Gerlai R (2011b) Spontaneous discrimination of
small quantities: shoaling preferences in angelfish (Pterophyllum
scalare). Anim Cognit 14:565–574
Anim Cogn (2017) 20:829–840 839
123
Go´mez-Laplaza LM, Gerlai R (2012) Activity counts: the effect of
swimming activity on quantity discrimination in fish. Front
Psychology 3:484. doi:10.3389/fpsyg.2012.00484
Go´mez-Laplaza LM, Gerlai R (2013a) Quantification abilities in
angelfish (Pterophyllum scalare): the influence of continuous
variables. Anim Cognit 16:373–383
Go´mez-Laplaza LM, Gerlai R (2013b) The role of body surface area
in quantity discrimination in angelfish (Pterophyllum scalare).
PLoS ONE 8:e83880. doi:10.1371/journal.pone.0083880
Go´mez-Laplaza LM, Gerlai R (2015) Angelfish (Pterophyllum
scalare) discriminate between small quantities: a role of
memory. J Comp Psychol 129:78–83
Go´mez-Laplaza LM, Gerlai R (2016a) Discrimination of large
quantities: Weber’s law and short-term memory in angelfish
(Pterophyllum scalare). Anim Behav 112:29–37
Go´mez-Laplaza LM, Gerlai R (2016b) Short-term memory effects on
crossing the boundary: discrimination between large and small
quantities in angelfish (Pterophyllum scalare). PLoS ONE
11:e0162923. doi:10.1371/journal.pone.0162923
Hager MC, Helfman GS (1991) Safety in numbers: shoal size choice
by minnows under predatory threat. Behav Ecol Sociobiol
29:271–276
Hanus D, Call J (2007) Discrete quantity judgments in the great apes
(Pan paniscus, Pan troglodytes, Gorilla gorilla, Pongo pyg-
maeus): the effect of presenting whole sets versus item-by-item.
J Comp Psychol 121:241–249
Hauser MD, Carey S, Hauser LB (2000) Spontaneous number
representation in semi-free ranging rhesus monkeys. Proc R Soc
Lond B 267:829–833
Holm SA (1979) A simple sequentially rejective multiple test
procedure. Scand J Stat 6:65–70
Hunt S, Low J, Burns KC (2008) Adaptive numerical competency in a
food-hoarding songbird. Proc R Soc Lond B 275:2373–2379
Ioannou CC, Tosh CR, Neville L, Krause J (2008) The confusion
effect—from neural networks to reduced predation risk. Behav
Ecol 19:126–130
Kelly EM (2016) Counting on your friends: the role of social
environment on quantity discrimination. Behav Proc 128:9–16
Krusche P, Uller C, Dicke U (2010) Quantity discrimination in
salamanders. J Exp Biol 213:1822–1828
Landeau L, Terborgh J (1986) Oddity and the ‘confusion effect’ in
predation. Anim Behav 34:1372–1380
Lemaıˆtre J-F, Ramm SA, Hurst JL, Stockley P (2011) Social cues of
sperm competition influence accessory reproductive gland size in
a promiscuous mammal. Proc R Soc Lond B 278:1171–1176
Lucon-Xiccato T, Miletto Petrazzini ME, Agrillo C, Bisazza A (2015)
Guppies discriminate between two quantities of food items but
prioritize item size over total amount. Anim Behav 107:183–191
Mahamane S, Grunig KL, Baker J, Young JK, Jordan KE (2014)
Memory-based quantity discrimination in coyotes (Canis
latrans). Anim Behav Cogn 1:341–351
Panteleeva S, Reznikova Z, Vygonyailova O (2013) Quantity
judgments in the context of risk/reward decision making in
striped field mice: first ‘‘count’’, then hunt. Front Psychol 4:53.
doi:10.3389/fpsyg.2013.00053
Potrich D, Sovrano VA, Stancher G, Vallortigara G (2015) Quantity
discrimination by zebrafish (Danio rerio). J Comp Psychol
129:388–393
Praetorius W (1932) How the ‘‘king’’ lives at home. Aquarium
1(119–120):141
Reznikova Z, Ryabko B (2011) Numerical competence in animals,
with an insight from ants. Behaviour 148:405–434
Rugani R, Fontanari L, Simoni E, Regolin L, Vallortigara G (2009)
Arithmetic in newborn chicks. Proc R Soc Lond B
276:2451–2460
Stancher G, Sovrano VA, Potrich D, Vallortigara G (2013) Discrim-
ination of small quantities by fish (redtail splitfin, Xenotoca
eiseni). Anim Cognit 16:307–312
Stancher G, Rugani R, Regolin L, Vallortigara G (2015) Numerical
discrimination by frogs (Bombina orientalis). Anim Cognit
18:219–229
Tornick JK, Callahan ES, Gibson BM (2015) An investigation of
quantity discrimination in Clark’s nutcrackers (Nucifraga
columbiana). J Comp Psychol 129:17–25
Ujfalussy DJ, Miklo´si A, Bugnyar T, Kotrschal K (2014) Role of
mental representations in quantity judgments by jackdaws
(Corvus monedula). J Comp Psychol 128:11–20
Uller C (2008) Developmental and evolutionary considerations on
numerical cognition. J Evol Psychol 6:1–28
Uller C, Lewis J (2009) Horses (Equus caballus) select the greater of two
quantities in small numerical contrasts. Anim Cognit 12:733–738
Utrata E, Vira´nyi Z, Range F (2012) Quantity discrimination in
wolves (Canis lupus). Front Psychol 3:505. doi:10.3389/fpsyg.
2012.00505
840 Anim Cogn (2017) 20:829–840
123
